Prior to the advent of fMRI, the primary means of examining the mechanisms underlying learning were restricted to studying human behavior and non-human neural systems. However, recent advances in neuroimaging technology have enabled the concurrent study of human behavior and neural activity. We propose that the integration of behavioral response with brain activity provides a powerful method of investigating the process through which internal representations are formed or changed. Nevertheless, a review of the literature reveals that many fMRI studies of learning either (1) focus on outcome rather than process or (2) are built on the untested assumption that learning unfolds uniformly over time. We discuss here various challenges faced by the field and highlight studies that have begun to address them. In doing so, we aim to encourage more research that examines the process of learning by considering the interrelation of behavioral measures and fMRI recording during learning.
Introduction
Relatively recent advances in neuroimaging technology, specifically functional magnetic resonance imaging (fMRI), have made possible the large-scale study of neural systems underlying learning in the human brain. Learning, or the experience-based process by which we form representations of the world around us, is a topic particularly suited to investigation using neuroimaging. Crucially, fMRI has the potential to reveal fluctuations in neural activity as learning unfolds over time, thereby allowing researchers to tap into the process through which internal representations undergo change.
Despite the natural fit between fMRI and the study of learning, a critical review of the relevant literature reveals that studies tend to address the question of which brain areas subserve retrieval or recognition of already learned items, not the process which generates changes in representation in the first place. While an outcomefocused approach is certainly valuable and germane to the study of learning, we suggest that the time is ripe for the field to focus instead on the process of acquisition rather than its outcomes. In this review, we will discuss some corresponding challenges, both methodological and theoretical in nature, and offer suggestions for improved experimental design and analysis. Specifically, we will consider the benefits of incorporating on-line behavioral testing and the use of computational models to predict the time-course of learning. Along these lines, we will discuss those studies that have begun to surmount these challenges to begin to uncover the neural systems engaged over the time-course of learning. This review also explores the critical yet open question of how to interpret the neural changes that occur before behavioral evidence of learning emerges. We begin by considering the unique niche of fMRI in the study of learning and the ways in which this methodology has already shaped and been shaped by the field of cognitive neuroscience.
What fMRI has already offered the study of learning
For over a century, there has been a voluminous and fruitful tradition of research aimed at the general study of learning in both animals and humans (Rescorla, 1988; Shanks & St. John, 1994; Skinner, 1938; Thorndike, 1931; Tolman, 1951) . Until very recently, most of our understanding of this process has relied on studies of either human behavior (e.g., through learning tasks and behavioral manipulations) or non-human neural systems (e.g., through electrophysiological recordings). While research on the neural mechanisms of human learning has benefitted from examining the effects of brain lesions, this case study approach has limited power in revealing the neural systems supporting cognitive mechanisms (Zurif, Swinney, & Fodor, 1991 ; but see also Caramazza & Badecker, 1991) .
